Vectors derived from adeno-associated virus (AAV) are promising for human gene therapy, including treatment for retinal blindness. One major limitation of AAVs as vectors is that AAV cargo capacity has been considered to be restricted to 4.7 kb. Here we demonstrate that vectors with an AAV5 capsid (i.e., rAAV2/5) incorporated up to 8.9 kb of genome more efficiently than 6 other serotypes tested, independent of the efficiency of the rAAV2/5 production process. Efficient packaging of the large murine Abca4 and human MYO7A and CEP290 genes, which are mutated in common blinding diseases, was obtained, suggesting that this packaging efficiency is independent of the specific sequence packaged. Expression of proteins of the appropriate size and function was observed following transduction with rAAV2/5 carrying large genes. Intraocular administration of rAAV2/5 encoding ABCA4 resulted in protein localization to rod outer segments and significant and stable morphological and functional improvement of the retina in Abca4 -/-mice. This use of rAAV2/5 may be a promising therapeutic strategy for recessive Stargardt disease, the most common form of inherited macular degeneration. The possibility of packaging large genes in AAV greatly expands the therapeutic potential of this vector system.
Introduction
Vectors derived from the small, icosahedral, single-stranded DNA adeno-associated virus (AAV) are very promising for gene therapy of human diseases (1) . The safety and efficacy of recombinant AAV (rAAV) vectors have been successfully tested in humans in muscle, liver, lung, central nervous system (2) and are currently being tested in the retina (3) . So far, the results of applications of rAAV to neurodegenerative diseases are particularly promising, as evidenced by safety and efficacy results after delivery to the subthalamic nucleus in patients with Parkinson disease (4) .
Wild-type AAV contains a 4.7-kb genome made up of the rep and cap genes encoding 4 replication and 3 capsid proteins, respectively, flanked by two 145-bp inverted terminal repeats (ITRs) (5) . rAAV vectors retain only the AAV ITRs, thus leaving up to 4.7 kb for packaging of therapeutic DNA (5) . The availability of more than 100 different capsids derived from the same number of novel AAV serotypes allows one to exchange capsids between different serotypes and to produce dozens of rAAVs containing the same genome. For example, one can package the ITRs of the best-studied AAV serotype, AAV2, in capsids from other AAV serotypes and thus obtain rAAV2/n, where the first number defines the ITRs and the second the capsid of origin (6) . Capsids are the main determinant of rAAV tropism and transduction characteristics. Therefore, the availability of such a high number of AAV serotypes allows efficient in vivo targeting of several tissues (6) . In particular, gene transfer to the retina offers several advantages when compared with other tissues: the eye is small and enclosed, requiring small doses of vector for efficient targeting, thus limiting exposure to other organs (7) (8) (9) . One main limitation of rAAV2 is represented by its native packaging capacity, which is considered to be restricted to 4.7 kb (10, 11) , the size of the parental viral genome between the ITRs, which does not significantly vary among AAV serotypes. A recent report suggests that rAAV2/1-5 are capable of packaging and protecting recombinant genomes as large as 6 kb, although these larger genome-containing virions are preferentially degraded by the proteasome unless inhibitors are added (12) .
Many common human inherited diseases are caused by mutations in genes with open reading frames largely exceeding rAAV cargo capacity. These include Duchenne muscular dystrophy, cystic fibrosis, hemophilia A, and sensorineural diseases such as recessive Stargardt disease (rSTGD) (13) , Usher syndrome (USH) (14) , and Leber congenital amaurosis (LCA) (15) . The possibility of efficiently packaging large genomes in AAV capsids combined with the ability of rAAV to efficiently transduce the affected tissues would allow the development of rAAV-based gene therapies for these otherwise untreatable diseases. We postulated that different AAV capsids differ in their ability to tolerate large genomes. Based on the technical advantages of retinal gene transfer, we selected 3 different and common blinding diseases to test the applicability of our results: (a) rSTGD due to mutations in ABCA4 (16) , which has a prevalence of 1 in 10,000 individuals and represents the most common inherited macular degeneration; (b) USH due to mutations in MYO7A (USH1B), which is a common cause of inherited severe combined deafness and blindness (14) ; and (c) LCA due to mutations in CEP290 (15) , which is an inherited retinal degenerative disease characterized by severe loss of vision at birth.
We tested the ability of 8 different rAAV serotypes (rAAV2/1-9, with the exception of rAAV2/6, whose capsid is almost identical to that of rAAV2/1) to package a large expression cassette containing either Abca4 (8.9 kb) or MYO7A (8.1 kb). We found that rAAV2/5 yields were significantly higher than those of 6 other serotypes tested. Similar rAAV2/5 titers were obtained when packaging CEP290 or a large EGFP transgene linked to a stuffer sequence and resulting in rAAV genome sizes of similar length. rAAV2/5-mediated transduction in vitro and in vivo resulted in expression of proteins of the expected molecular weight and function and in substantial morphological and functional improvement of the ocular phenotype in the Abca4 -/-mice.
Results
Vectors with AAV5 capsids efficiently package up to 8.9 kb. To test the ability of various AAV serotypes to package large genomes and to study whether the results obtained were dependent on the nucleotide composition of the sequence packaged, murine Abca4 and human MYO7A and CEP290 cDNA sequences were separately cloned in the pAAV-CMV-EGFP plasmid (17) between the AAV2 ITRs downstream of the CMV promoter and upstream of a poly(A) signal. The resulting pAAV-CMV-Abca4, -MYO7A, and -CEP290 constructs contained 8.9, 8.1, and 8.9 kb, respectively, including the ITRs. pAAV-CMV-Abca4 was used to produce large preparations of rAAV2/1-9, with the exception of rAAV2/6, whose capsid is almost identical to that of rAAV2/1. Since the final volume is identical among large preparations, the preparation titers reflect the vector yields. Figure 1A shows the titers of the various rAAV-CMV-Abca4 serotypes. The titers of the rAAV2/5-CMV-Abca4 preparations were significantly higher (P ≤ 0.05) than those of rAAV2/2, 3, 4, 7, 8, and 9. A 1-way ANOVA analysis followed by a multiple comparison test (Bonferroni adjustment for multiplicity) confirmed that rAAV2/5 titers have population marginal means significantly different from those of rAAV2/2-9 (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI34316DS1). Similar results were obtained using pAAV2.1-CMV-MYO7A for production of large preparations of AAV serotypes: rAAV2/5-CMV-MYO7A titers were 2.5 × 10 11 ± 8.8 × 10 10 genome copies (GC)/ml (n = 4). In addition, the titers of the rAAV2/5-CMV-CEP290 large preparations were also similar to those of rAAV2/5-CMV-Abca4 (5.1 × 10 11 GC/ml; n = 2), suggesting that packaging is independent of the sequence tested.
Next, we addressed whether this difference reflected higher vector yields during the production and purification process or the ability of AAV5 capsids to package larger genomes. For each serotype, the titer of preparations containing the large CMV-Abca4 genome was compared with that of preparations containing smaller genomes (ranging from 2.6 to 4.7 kb between the ITRs). Unlike the titers of AAV packaging a large genome (8.9 kb; Supplemental Figure 1A ), significant differences were not observed among the titers of the various serotypes packaging smaller genomes (≤4.7 kb) (Supplemental Figure 1B) . As a result, the large genome to small genome titer ratio was higher for AAV2/5 than it was for other serotypes tested ( Figure 1B and Supplemental Table 1 ), thus confirming that virions with the AAV5 capsid have significantly higher packaging capacity than the 6 other serotypes tested.
To define the upper limit of rAAV2/5 packaging ability, we cloned 1.1 and 2.5 kb of stuffer sequence in pAAV-CMV-Abca4 and used the resulting plasmids to produce large preparations of rAAV2/5, the titers of which were compared with those of rAAV2/5-CMV-Abca4 ( Figure 1C) . A 2.6-fold drop in vector titer was observed when the rAAV-2/5-CMV-Abca4 genome contained an additional 1.1 kb.
To characterize the ability of AAV2/5 to package genomes of lengths progressively increasing from 4.1 to 8.9 kb, we separately cloned 5 stuffer sequences, resulting in genome lengths of 4.1, 5.1, 6.1, 7.1, and 8.9 kb between the AAV2 ITRs of the pAAV2.1-CMV-EGFP plasmid. The stuffer sequence was cloned downstream of the CMV-EGFP expression cassette present between the AAV2 ITRs of the plasmid. These constructs were used for small-scale vector production as described in Methods. The titers (average ± SE; n = 3) of the corresponding rAAV2/5 were compared with those of rAAV2/2, the best-studied AAV serotype ( Figure 1D ). When genome size was increased, rAAV2/2 titers decreased progressively from 5.6 × 10 11 (4.1 kb) to 5.7 × 10 9 GC/ml (8.9 kb), an almost 100-fold decrease.
A 50-fold decrease was observed when comparing the titers of rAAV2/2 large preparations (Supplemental Table 1 ). The 2-fold difference observed in these 2 sets of data may be due to differences in small- versus large-scale vector production. In contrast to rAAV2/2, rAAV2/5 titers decreased by only 8.5-fold (from 1.7 × 10 12 to 2.05 × 10 11 ), results similar to those described in Figure 1A and Supplemental Table 1 . Large preparations of rAA2/5-CMV-EGFP-8.9 were produced, and the titers were similar to those of the AAV2/5 preparations containing the large Abca4, MYO7A, or CEP290 genes (6.3 × 10 11 GC/ml; n = 2).
To demonstrate that the rAAV2/5-CMV-Abca4, -MYO7A, -CEP290, and -EGFP-8.9 vectors package their genome in its entire length, viral DNA was extracted from 2.5 × 10 10 particles of each vector and analyzed by Southern blot following separation on alkaline agarose gel. DNase-resistant bands of the expected molecular weight (8.9 kb for CMV-Abca4, -EGFP-8.9, and -CEP290 and 8.1 kb for -MYO7A) were observed ( Figure 2A, lanes 1-10) . The lower intensity of some of the bands corresponding to genomes following DNase digestion may reflect the presence of unpackaged genomes that are degraded by the DNase. This was also observed following DNase treatment of viral genomes whose size is 4.7 kb or less ( Figure 2A, lanes 11 and 12) , suggesting that it is independent of genome size. As further evidence that rAAV2/5 particles contain intact large genomes, we analyzed by Southern blot the genomic DNA from murine skeletal muscle administered with rAAV-CMVAbca4 (9 × 10 10 GC/mouse injected in the right gastrocnemius Abca4 -/-retinas transduced with rAAV2/5-CMV-Abca4 was approximately 45% of that in wild-type retina (as assessed by densitometric analysis), which is consistent with the levels of transduction (40%-50%) of the whole murine retina following subretinal administration of AAV (19) . Similarly, primary RPE cells from Shaker1 mice were transduced with either rAAV2/5-CMV-MYO7A or -EGFP (10 4 GC/cell; Figure 3C ). Western blot analysis with anti-MYO7A antibodies showed expression of the 250-kDa MYO7A band only in RPE cells infected with rAAV2/5-CMV-MYO7A (lanes 1-4) but not with -EGFP (lane 5). rAAV2/5-CMV-MYO7A-mediated MYO7A expression persisted for at least 2 weeks after infection (the duration of the study) in these nondividing RPE cell cultures (lanes 3-4). At 7 days after infection, the level of MYO7A expression in Myo7a-null RPE cells transduced with rAAV2/5-CMV-MYO7A was approximately 70% of that in wild-type RPE cells (as assessed by densitometric analysis). This level of expression was slightly above that found in Myo7a +/-tissues (~50% of wild-type levels; D. Gibbs and D.S. Williams, unpublished data).
Abca4 encodes a member of the ABC transporter family. It is expressed in photoreceptors and has been localized to the rim of outer segment discs (Rim protein) (20, 21) . To test whether the recombinant ABCA4 protein produced following rAAV2/5-mediated |gene transfer is functional, its ability to bind ATP was evaluated. Photoaffinity labeling of Abca4 -/-retinas ( Figure 3B in a murine model of rSTGD. Targeted disruption of the Abca4 locus in pigmented (22) and albino (23) mice (Abca4 -/-) results in a phenotype that recapitulates some rSTGD characteristics: accumulation of lipofuscin in the RPE, thicker RPE cells, slow photoreceptor degeneration, and delayed dark adaptation (22) (23) (24) . To test whether rAAV2/5-mediated gene delivery results in correction of the Abca4 -/-mutant phenotype, 1-month-old mice were injected subretinally with 2 μl of rAAV2/5-CMV-Abca4 (corresponding to 1.2 × 10 9 GC) in one eye and with the same dose of rAAV2/5-CMV-EGFP in the contralateral eye. The impact of gene transfer on Abca4 -/-retinas was evaluated 3 months later (age of the animals: 4 months) unless otherwise noted. We initially analyzed recombinant ABCA4 expression by immunohistochemistry on retinal sections and found that it properly localized to photoreceptor outer segments ( Figure 4A ) as the endogenous ABCA4 does and as expected according to the described rAAV2/5 tropism (25, 26) .
We then evaluated the impact of rAAV2/5-mediated gene transfer on Abca4 -/-RPE abnormalities such as presence of lipofuscin granules and thicker RPE (22, 24) . Electron microscopic analysis of RPE cells located in the region of injection revealed a reduced number of lipofuscin granules and decreased RPE thickness (both similar to those seen in Abca4 +/+ RPE) in the Abca4 -/-retinas treated with rAAV2/5-CMV-Abca4 compared with those treated with rAAV2/5-CMV-EGFP ( Figure 4 , B and C). This suggests that rAAV2/5-mediated Abca4 gene transfer ameliorates the RPE ultrastructural abnormalities associated with the Abca4 -/-phenotype.
Consistent with a role for ABCA4 in the transport of N-retinylidene-phosphatidylethanolamine across photoreceptor disk membranes (27, 28) , the lipofuscin granules present in the RPE of Abca4 -/-mice contain the bisretinoid fluorophores A2E, all-transretinal-dimer-ethanolamine (atRALdi-E), and all-trans-retinaldimer-phosphatidylethanolamine (atRALdi-PE) (29) . The levels of the fluorophores A2E, atRALdi-E, and atRALdi-PE were significantly reduced in both albino (age: 4 months) and pigmented (age: 6 months) Abca4 -/-retinas treated with rAAV2/5-CMV-Abca4, when compared with the rAAV2/5-CMV-EGFP-treated contralateral eyes ( Figure 5A ). In addition, the ability of Abca4 -/-photoreceptors to recover from light desensitization was significantly improved in the retinas treated with the therapeutic vector when compared with control rAAV2/5-CMV-EGFP-treated retinas ( Figure 5B ). H&E staining of retinal sections did not reveal any inflammatory infiltrate or a reduction in the outer nuclear layer thickness in either rAAV2/5-CMV-Abca4- or -EGFP-treated eyes (data not shown).
Discussion
According to current dogma, AAV can efficiently package cargo up to 4.7 kb. However, a previous report suggested that AAV2/1-5 are capable of packaging up to 6 kb (12). Here we show that rAAV vectors with AAV5 capsids are capable of packaging up to 8.9 kb of single-stranded DNA more efficiently than 6 other serotypes tested. Efficient packaging occurred whether the genome included the Abca4, MYO7A, CEP290, or EGFP-8.9 kb cDNA, suggesting that it is independent of the sequence packaged. We have also shown that this is the result of the intrinsic ability of the AAV5 capsids to package large genomes rather than higher vector yields of rAAV2/5 compared with those of other serotypes. These results open new perspectives for AAV vector development: testing of additional naturally occurring AAV serotypes or systematic mutagenesis of existing AAV capsid sequences may provide additional rAAV vectors with packaging ability similar to or better than that of rAAV2/5. Why AAV5 capsids have this capacity in contrast to the other AAV capsids tested remains to be elucidated. Amino acid sequence comparison allowed us to identify 2 amino acid stretches that vary between the AAV5 VP1 capsid protein and the VP1 from the other serotypes. We have exchanged these sequences, separately or together, between the AAV5 (GenBank accession number AAY00268, sequence 1: aa 140-184; sequence 2: aa 489-547) and AAV2 (GenBank accession number AA095537, aa 141-195; aa 482-558) capsids to test whether rAAV2/5 large genome packaging capacity can be transferred to other serotypes. We could not detect improvements in rAAV2/2-CMV-Abca4 titers despite production of capsids of the expected size as assessed by Western blot analysis (data not shown). This suggests that AAV5 capsid sequences 1 and 2 are not sufficient for large genome encapsidation. Notably, the amino acid sequence of the entire AAV5 capsid is significantly different from that of other AAV capsids identified so far (30) . Therefore, many single amino acid residues other than the 2 stretches that we have tested are divergent between AAV5 and the other AAV serotypes. We are currently using a systematic approach to mutagenize AAV capsids and test whether single amino acid(s) play a role in packaging of large genomes in AAV.
We show that rAAV2/5-CMV-Abca4 vector contains an intact genome and that transduction of Cos cells as well as subretinal delivery of the vector in Abca4 -/-mice result in production of ABCA4 of the appropriate molecular weight and biological activity as shown by the photoaffinity labeling assay. We obtained similar results following transduction of Shaker1 RPE cells with rAAV2/5-CMV-MYO7A. The possibility of including large genomes in a single rAAV vector that efficiently expresses a therapeutic gene is advantageous compared with strategies that are used to overcome limited rAAV cargo capacity, such as rAAV genome intermolecular recombination. In this latter case, a large open reading frame is split into 2 different rAAV vectors. Reconstitution of a single protein depends on efficient infection of the same cell by the 2 rAAVs, intermolecular rejoining of their genomes, and expression of a single protein either by homologous recombination through overlapping sequences (31) or by trans-splicing of a common reconstituted transcript (32) .
Our results have important implications for gene therapy of human diseases due to mutations in large genes, such as cystic fibrosis, Duchenne muscular dystrophy, and hemophilia A. The efficacy of rAAV2/5-mediated gene transfer in animal models of these diseases remains to be assessed. Although modifications of rAAV vector production strategies may increase the yield of rAAV2/5 carrying large cargo, the yields we report here would certainly be sufficient to treat the diseases of sensorineural origin that we describe. An advantage of retinal (or cochlear; ref. 33 ) gene delivery is the target size of the tissue, which is orders of magnitude smaller than that of other organs, such as liver or lung. We and others have previously demonstrated that vectors with AAV5 capsids efficiently transduce RPE and photoreceptors of several species (25, 26, 34, 35) as well as murine cochlear inner hair cells (33) , the appropriate targets for gene therapy of rSTGD and USH. The possibility of efficiently packaging MYO7A or CEP290 in a single rAAV2/5 vector opens new therapeutic perspectives for USH1B, the most frequent cause of hereditary deafness and blindness in humans (14) , and LCA, the most common inherited cause of blindness in infancy. While formal proof of principle of the efficacy of rAAV2/5-mediated MYO7A or CEP290 gene transfer in Shaker1 (18) or rd16 (36) mice, respectively, remains to be provided, here we show that subretinal delivery of rAAV2/5-CMV-Abca4 in a murine model of STGD results in significant correction of lipofuscin levels, RPE abnormalities, and retinal function. The treatment was stable at least through 6 months, the longest time period after which treatment effects were evaluated in vivo. This is the first evidence to our knowledge of rescue in an animal model of rSTGD, thus making rAAV2/5 an attractive candidate for gene therapy of this disease as well as of others associated with mutations in ABCA4, such as cone-rod dystrophy (37) and retinitis pigmentosa (38, 39) . Importantly, heterozygous ABCA4 mutations in humans (40) have been associated with age-related macular degeneration (AMD), the most common blinding disease in the elderly (41). In conclusion, our discovery greatly expands the therapeutic potential of rAAV as a gene therapy vector for diseases due to mutations in large genes. In addition it provides the first proof of principle of gene therapy for the currently untreatable and common blinding macular degeneration found in Stargardt disease. This comes at a very exciting time in the promising field of rAAVmediated retinal gene transfer, where the first evaluations of rAAVmediated retinal gene transfer efficacy and safety in humans are being performed (3).
Methods
Generation of the plasmid constructs. For the production of rAAV encoding EGFP and ABCA4, the pAAV2.1-CMV-EGFP (17) and pZac2.1-CMV-Abca4 plasmids were used (CMV sequence from NC001347.3 nt 174,661 to 175,243). The pZac2.1-CMV-Abca4 was obtained by cloning the murine Abca4 cDNA (7, 268 bp, including the coding sequence as well as some 5ʹ and 3ʹ UTR region) between the EcoRI and SalI sites in the pZac2. For the production of rAAV encoding MYO7A, the pAAV2.1-CMV-MYO7A was constructed as follows. Human MYO7A cDNA (6, 648 bp, consisting of the MYO7A coding sequence without UTR regions) was cloned in the pAAV2.1-CMV-EGFP plasmid between the NotI and SacII sites (complete rAAV genome size: 8,107 bp). For this purpose, the MYO7A coding sequence (GenBank accession number NM_000260) was divided into 3 fragments of 2,853 bp, 2,275 bp, and 1,890 bp, respectively and amplified by PCR from cDNA of human retina (BD Biosciences) with the following oligonucleotides: F1 (NotI): ATTTGCGGCCGCATGGTGAT-TCTTCAGCAGGGG; R1: CCCCAGGAAGCCAAACATCT; F2: AGGGCT-GAGTATCTGTGG; R2: CGGGGTTGGGGTTATCCT; F3: GCTGAGGA-CATTCGTGAC; R3(SacII): TCCCCGCGGTCACTTGCCGCTCCTGGAG (underlining indicates the restriction site sequences inserted). Then, the 3 fragments, designated F1, F2, and F3, were separately cloned in pZero Blunt Vector (Invitrogen), sequenced, and then cloned via triple ligation reaction in pAAV2.1-CMV-EGFP. For the production of rAAV encoding CEP290, the pAAV2.1-CMV-CEP290 plasmid was produced as follows. The human CEP290 cDNA (7,440 bp, consisting of the CEP290 coding sequence; GenBank accession number NM025114) was PCR amplified from a human osteosarcoma cell line (U2OS) cDNA and then cloned in the pAAV2.1-CMV-EGFP plasmid between the NotI and SacII sites (complete rAAV genome size, 8,900 bp). To determine the upper limit of genome size packaged by rAAV, the pZac2.1-CMV-Abca4+1,300 and the pZac2.1-CMV-Abca4+2,522 plasmid were produced. Stuffer regions of 1,300 and 2,522 bp were designed and cloned (NheI-EcoRI) in the expression cassette between the AAV2 ITRs of pZac2.1-CMV-Abca4. The total vector genome sizes in the pZac2.1-CMV-Abca4, pZac2.1-CMVAbca4+1,300, and pZac2.1-CMV-Abca4+2,522 plasmids are 8,916 bp, 10,000 bp and 11,400 bp, respectively.
In order to systematically characterize the packaging capacity and transduction efficacy of rAAV vectors with increasing genome size, 5 different constructs encoding for EGFP were generated. Five stuffers of different sizes (1,400 bp, 2,400 bp, 3,400 bp, 4,400 bp, and 6,100 bp) were inserted in the pAAV2.1-CMV-EGFP plasmid downstream of the poly(A) sequence. The stuffer sequences were PCR amplified from the same DNA sequence (Abca4) with XhoI cloning sites at both ends and cloned in pAAV2.1-CMV-EGFP. Therefore, the following plasmids were generated: pAAV2.1-CMV-EGFP-4.1, pAAV2.1-CMV-EGFP-5.1, pAAV2.1-CMV-EGFP-6.1, pAAV2.1-CMV-EGFP-7.1, and pAAV2.1-CMV-EGFP-8.9 , where the last number indicates the length of the genome including the ITRs. rAAV vector production. Large preparations of rAAV vectors were produced by the TIGEM AAV Vector Core using the pAAV2.1-CMV-EGFP, pZac2.1-CMV-Abca4, pZac2.1-CMV-Abca4+1,300, pZac2.1-CMV-Abca4+2,522, pAAV2.1-CMV-CEP290, pAAV-CMV-MYO7A, pAAV2.1-CMV-EGFP-4.1, pAAV2.1-CMV-EGFP-5.1, and pAAV2.1-CMV-EGFP-8.9 plasmids. In addition, 101 large preparations of rAAV with genome size ranging from 2.7 to 4.6 kb were produced by the TIGEM Vector Core and their titers included in Figure 1B , Supplemental Table 1 , and Supplemental Figure 1 . These rAAVs contain 70 different expression cassettes with various transgenes. rAAV2/1, 2, 3, 4, 5, 7, 8, and 9 viruses were produced by triple transfection of 293 cells followed by 2 rounds of CsCl2 purification (25) . For each viral preparation, physical titers (GC/ml) were determined by dot blot analysis (43) by the TIGEM AAV Vector Core and by PCR quantification using TaqMan (Applied Biosystems) using 2 different probes (42) by the University of Pennsylvania Vector Core. For each large preparation, the titer was averaged from the dot blot and the TaqMan PCR quantification analyses. For Figure 1D , rAAV2/5 and rAAV2/2 vectors were produced in small scale (single 15-cm dish) in 293 cells triple transfected and lysed by freeze-and-thaw in a volume that was 2% of the final volume of a large preparation (made from 50 dishes). Titers were determined by PCR quantification using TaqMan following DNase and RNase treatment of crude lysates.
Animal models and vector administration. All procedures on animals were performed under a protocol approved by the Hospital Cardarelli Ethics Committee, Naples, Italy, and by the Italian Ministry of Health. Pigmented (22) and albino Abca4 -/-(23) mice generated through successive crosses and backcrosses with BALB/c mice (homozygous for Rpe65 Leu450; ref. 44) , Shaker 1 mice (carrying the 4626SB allele, an effective null mutation on a C57BL/6HNSD background; ref. 17) , and wild-type C57BL/6 and BALB/c mice (Harlan Italy) were used. Either subretinal or intramuscular injections were performed. Subretinal vector administration was performed in 1-month-old Abca4 -/-mice as described previously (45) . Subretinal administration and intramuscular injections were supplemented with 40 μM of proteasome inhibitors (LnLL; Sigma-Aldrich) to increase rAAV transduction for the experiments depicted in Figure 2B and Figure 3B (12) . For the in vivo experiments aimed at assessing AAV-mediated morphological and functional rescue (Figures 4 and 5) , proteasome inhibitors were not used. Before vector administration, mice were anesthetized with an intraperitoneal injection of avertin at 2 ml/100 g body weight (46) . Then, mice were injected with 2 μl of rAAV2/5-CMV-Abca4 (1.2 × 10 9 GC) in the right eye. The same dose of rAAV2/5-CMV-EGFP was delivered to the left eye, as negative control. Intramuscular injections were performed in the right gastrocnemius of C57BL/6 mice with 150 μl of rAAV2/5-CMV-Abca4 (9 × 10 10 GC).
Statistics. Data are presented as average ± SE. Two-tailed Student's t test, ANOVA, and a multiple comparison test with a Bonferroni adjustment for multiplicity were used to determine statistical significance where indicated. P ≤ 0.05 was considered significant.
Southern blot analyses of rAAV vector DNA. DNA was extracted from 2.5 × 10 10 viral particles (measured as GC). To digest unpackaged genomes, the vector solution was incubated with 11 μl of DNase (Roche) in a total volume of 250 μl, containing 50 mM Tris, pH 7.5, and 1 mM MgCl2 for 1 hour at 37°C. The DNase was then inactivated with 50 mM EDTA, followed by incubation at 50°C for 45 minutes with proteinase K and 2.5% N-lauryl-sarcosil solution to lyse the capsids. The DNA was extracted twice with phenol-chloroform and precipitated with 2 volumes of ethanol and 10% sodium acetate (3 M). Alkaline agarose gel electrophoresis was performed as previously described (47) . Markers were produced by double digestion of the pZac2.1-CMV-Abca4 with NcoI and NotI, to produce a band of 7,835 bp. Probe 2 was used to identify rAAV2/5-CMV-Abca4 ( Figure 2B, top panel) , while to identify all the other rAAV vector DNA, a probe specific for the poly(A) sequence was used. All probe sequences are provided in the supplemental material. Cos cells were plated in 6-well plates to a concentration of 3 × 10 5 cells/ well. Forty-four hours later, the cells were incubated with 10 5 GC/cell of rAAV2/5-CMV-EGFP or rAAV2/5-CMV-Abca4 in serum-free DMEM with 10 μM proteasome inhibitors. Forty-eight hours later, the cells were harvested by scraping for Western blot analyses (see below).
Primary mouse RPE cells were isolated from 12-day-old Shaker1 mice and cultured on 24-well Transwell polycarbonate membrane inserts (Fisher Scientific), as described previously (49) . The primary RPE cells were infected 48 hours later with either rAAV2/5-CMV-MYO7A or rAAV2/5-CMV-EGFP (10 4 GC/cell) as described above. Infected RPE cells were maintained in culture until MYO7A expression was assayed by Western blot at either 7 or 17 days after infection.
Analysis of ABCA4 and MYO7A expression by Western blot. Western blot analysis was performed on retinas and on Cos and Shaker 1 primary RPE cells infected with rAAV. Retinas were harvested as described previously (50) . Samples were lysed in SIE buffer (250 mM sucrose, 3 mM imidazoles [pH 7.4], 1% ethanol, and 1% NP-40) on ice for 30 minutes, and proteins were denatured by heating at 37°C for 30 minutes in sample buffer with 8 M urea and separated by 6% SDS-PAGE. After blotting, specific proteins were labeled using anti-ABCA4 (Santa Cruz Biotechnology Inc.), anti-α tubulin (Sigma-Aldrich), anti-MYO7A (pAb2.2), and anti-retinal G protein-coupled receptor (RGR; mcDE5; a kind gift from Henry K.W. Fong, University of Southern California, Los Angeles, California, USA; RGR was used as loading control) antibodies.
Photoaffinity labeling assay on infected Cos cells and retinas. Protein extraction from Cos membranes was performed 48 hours after infection with rAAV. Cells were harvested in hypotonic buffer (10 mM Tris-HCl [pH 7.4] and 0.5 mM EDTA). After 1 hour at 4°C, the samples were passed through a 28-G needle to disrupt the cells and centrifuged for 1 hour at 16,000 g. The resulting membrane pellet was dissolved in the resuspension buffer (25 mM HEPES [pH 7.5], 150 mM NaCl, and 5 mM MgCl2).
Proteins were extracted from rod outer segments by vortexing retinas in 100 μl of 45% sucrose, 20 mM Tris-HCl (pH 7.4), 1 mM EDTA, 2 mM MgCl2, 20 μM leupeptin, and 2 mM PMSF (22) . Then, retinas were centrifuged for 10 minutes at 4,000 g, and the supernatants were collected, diluted with an equal volume of 150 mM NaCl, 20 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 2 mM MgCl2, and recentrifuged for 1 hour at 16,000 g. The outer segment pellet was dissolved in 30 μl of resuspension buffer.
For photoaffinity labeling assays, protein extracts from Cos membranes or rod outer segments were incubated at room temperature with 4 μM 8-azido-[α-32 P]-ATP (Affinity Labeling Technologies Inc.) for 1 minute under ultraviolet light (320 nm) at a distance of 10 cm (51). Samples were then mixed with SDS-PAGE sample buffer without heating, and the proteins were resolved by SDS-PAGE. 8-Azido-[α-32 P]-ATP-labeled proteins were detected with a PhosphorImager (Amersham) by autoradiography.
Extraction and HPLC analysis of RPE lipofuscin pigments. HPLC analysis was performed on eyecups from 4-month-old albino and 6-month-old pigmented Abca4 -/-mice injected with rAAV2/5-CMV-Abca4 in one eye and rAAV2/5-CMV-EGFP in the contralateral eye. Eyecups from age-matched Abca4 +/+ and BALB/c mice were used as control. Posterior eyecups of dark adapted mice were pooled (4 eyecups per sample), homogenized, and extracted 3 times in chloroform/methanol (1:1) (44). After centrifugation (1,000 g for 2 minutes), the organic extract was filtered through cotton and a reversed-phase (C8 Sep-Pak; Millipore) cartridge with 0.1% TFA in methanol. The extract was subsequently concentrated by evaporation of solvent under argon gas, redissolved in 50% methanolic chloroform (1 or 2 eyes/10 μl solvent), and analyzed by reverse-phase HPLC using an Alliance System (Waters) equipped with 2695 Separation Module, 2996 Photodiode Array Detector, and a 2475 Multi λ Fluorescence Detector. For chromatographic separation, an analytical scale Atlantis dC18 (3 μm, 4.6 × 150 mm; Waters) column was utilized with an acetonitrile and water gradient and 0.1% trifluoroacetic acid (90%-100%, 0-10 minutes; 100% acetonitrile, 10-20 minutes; monitoring at 430 nm; 10 μl injection volume). Extraction and injection for HPLC were performed under dim red light. Integrated peak areas were determined using Waters Empower software, and picomolar concentrations per eyecup were calculated by reference to an external standard of synthesized compound and by normalizing to the ratio of the HPLC injection volume to total extract volume. The structures of synthesized standards of A2E, atRALdi-E, and atRALdi-PE have been confirmed (29, (52) (53) (54) .
Electrophysiological recordings. Electroretinographical (ERG) analysis was performed in 4-month-old albino Abca4 -/-and wild-type, age-matched BALB/c mice. Flash ERG was evoked by 10-ms flashes of light generated through a Ganzfeld stimulator (Lace). The electrophysiological signals were recorded through gold-plated electrodes inserted under the lower eyelids in contact with the cornea previously anesthetized with oxybuprocaine (Novartis Pharma). The electrode in each eye was referenced to a needle electrode inserted subcutaneously at the level of corresponding frontal region. The different electrodes were connected to a 2-channel amplifier. After 180 minutes of dark adaptation, mice were anesthetized and loosely mounted in a stereotaxic apparatus under dim red light with body temperature maintained at 37.5°C. Mice were then exposed to a constant light, the intensity of which was set at 300 candelas (cd)/m 2 for 80 seconds (preadapting light, bleaching condition). Recovery of b-wave was monitored at fixed intervals after preadapting light (0, 5, 15, 30, 45, 60 minutes). The amplitude of b-wave in response to a flash of 1 cd/m 2 /s 1 after the preadapting light was measured and expressed as a relative value with respect to that measured before the preadapting light.
Electron microscopic and histological analyses and immunohistochemistry. Mice were perfused through the heart with 2% paraformaldehyde and 1% glutaraldehyde in PBS (pH 7.4). Then the eyeballs were removed and fixed overnight in 0.1 M sodium cacodylate buffer (pH 7.4) containing 2% paraformaldehyde and 2% glutaraldehyde. The fixed eyeballs were cut so that the lens and vitreous could be removed while leaving the eyecup. The eyecups were treated with 1% osmium tetroxide and stained with 1% aqueous uranyl acetate. The specimens were then dehydrated and embedded in EPON-812. Thin sections from the temporal side of each eye, which corresponded to the injected side, were prepared on an Ultracut microtome (Leica Microsystems). Electron microscopic images were acquired from thin sections under a FEI Philips Tecnai-12 electron microscope (Philips) using an ULTRA VIEW CCD digital camera. Micrographs were obtained at ×6,000 magnification. Quantitative analysis of numbers of lipofuscin granules was made by counting in 3 different optical fields for each eye the smaller structures of variable density representing lipofuscin granules distinct from the large oval structures of high electron density representing melanosomes. RPE thickness measurements were done in 20 different places per specimen (10 measurements across the nuclear area, where the
